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We  review  the  field  of  laser  cooling  of  solids,  focusing  our  attention  on 
the  recent  advances  in  cryogenic  cooling  of  an  ytterbium-doped  fluoride 
crystal  (Yb3+:YLiF4).  Recently,  bulk  cooling  in  this  material  to  155  K  has 
been  observed  upon  excitation  near  the  lowest-energy  (E4-E5)  crystal-field 
resonance  of  Yb3+.  Furthermore,  local  cooling  in  the  same  material  to  a 
minimum  achievable  temperature  of  1 10  K  has  been  measured,  in  agreement 
with  the  predictions  of  the  laser  cooling  model.  This  value  is  limited  only  by 
the  current  material  purity.  Advanced  material  synthesis  approaches  reviewed 
here  would  allow  reaching  temperatures  approaching  80  K.  Current  results 
and  projected  improvements  position  optical  refrigeration  as  the  only  viable 
all-solid-state  cooling  approach  for  cryogenic  temperatures.  ©  2012  Optical 
Society  of  America 
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Cryogenic  optical  refrigeration 

Denis  V.  Seletskiy,  Markus  P.  Hehlen,  Richard  I.  Epstein  and 
Mansoor  Sheik-Bahae 


1.  Introduction 

"Laser  cooling"  can  be  defined  as  a  process  by  which  a  physical  system 
cools  upon  interaction  with  laser  light.  In  other  words,  laser  light  is 
used  to  directly  lower  the  energy  contained  in  a  given  internal  degree 
of  freedom  of  the  system.  One  concept  of  laser  cooling  is  perhaps  best 
known  for  the  case  of  Doppler  cooling  [1],  which  upon  its  demonstration 
resulted  in  the  1997  Nobel  Prize  in  Physics  [2].  Such  cooling  is  based 
on  inelastic  interaction  (Doppler  shift)  of  a  system  of  atoms,  ions,  or 
molecules  [3]  in  a  dilute  gas  phase  with  counterpropagating  laser  beams. 
Properly  tuned  laser  light  imposes  a  viscous  drag  ("optical  molasses"  [4]) 
on  the  moving  constituents  of  the  gas,  slowing  them  down  to  velocities 
consistent  with  gas  temperatures  near  (10-6  —  1)  K.  In  this  process, 
energy  contained  in  the  translational  degrees  of  freedom  of  the  gas  is 
lowered.  Doppler  cooling  has  enabled  the  observation  of  Bose-Einstein 
condensates  that  received  the  2001  Nobel  Prize  in  Physics  [5]. 

At  moderately  high  temperatures  (~10-400  K),  the  thermal  energy  of 
the  physical  systems  is  contained  mostly  in  the  vibrational  degrees  of 
freedom.  In  1929,  Peter  Pringsheim  proposed  the  use  of  narrowband 
optical  radiation  to  lower  energy  of  these  modes  through  fluorescence 
upconversion  [6].  Lev  Landau  reconciled  cooling  matter  with  light 
with  thermodynamics  by  considering  the  entropy  of  the  radiation  [7]. 
Laser-mediated  cooling  of  vibrational  degrees  of  freedom  has  been 
termed  "optical  refrigeration"  or  "laser  cooling"  of  solids.  The  concept 
of  cooling  via  fluorescence  upconversion  (optical  refrigeration)  has  been 
verified  in  proof-of-principle  demonstrations  in  gases  [8],  solids  [9],  and 
liquids  [10].  In  the  case  of  solids,  laser  energy  is  initially  deposited  into 
the  lowest-energy  electronic  states  of  a  dopant  ion  in  a  solid.  These  states 
then  thermalize  with  the  environment  by  absorbing  energy  from  the 
vibrational  modes  of  the  host  and  carry  that  energy  out  of  the  system 
through  fluorescence  radiation. 

For  recent  reviews  of  the  field  of  laser  cooling  of  solids  the  reader  is 
referred  to  Refs.  [11-15].  In  this  paper,  we  review  recent  developments 
of  laser  cooling  to  cryogenic  temperatures  using  the  trivalent  rare-earth 
ion  ytterbium  (Yb3+)  doped  into  a  transparent  crystalline  host  of  yttrium 
lithium  fluoride  (YLiFzj),  Yb:YLF.  Following  the  Introduction,  in  Section  2 
we  review  a  rate-equation-based  model  of  the  laser  cooling  efficiency 
and  its  experimental  verification  in  Subsection  2.3.  Section  3  discusses 
thermal  and  optical  design  considerations  for  high-power  bulk  cooling 
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Figure  1 
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(a)  Schematic  energy  diagram  of  a  laser  cooling  cycle  in  a  solid:  an  optical 
input  at  wavelength  k  excites  the  lowest-energy  electronic  transition  from  a 
ground  state  to  an  excited  state  of  an  exemplary  ion  doped  into  a  transparent 
host  matrix.  After  thermalization  via  phonon  absorption  from  the  host  (wavy 
arrows  within  manifolds),  excitation  relaxes  radiatively  with  an  mean  emission 
wavelength  kf  <  k.  (b)  (adapted  from  [16])  Top,  absorption  (red)  and  emission 
(blue)  spectra  for  an  optical  transition  between  2Fj/2  and  2F$/2  multiplet  states 
of  Yb3+-doped  YLiF4  (Yb:YLF)  at  300  K;  excitation  (labeled  “pump”)  is 
below  the  mean  emission  wavelength  kf,  i.e.,  in  the  “cooling  tail”  (shaded)  of 
the  absorption  curve.  Bottom,  data  points  (open  circles)  and  fit  of  the  cooling 
efficiency  (r]c)  spectrum  of  Yb:YLF.  Cooling  (rjc)  occurs  slightly  below  kf 
and  reverses  sign  at  longer  wavelengths  because  of  heat-producing  background 
absoiption. 


to  cryogenic  temperatures  and  focuses  on  the  recent  demonstration  of 
cryogenic  operation  in  Yb:YLF.  In  Section  4,  we  conclude  by  reviewing 
advanced  material  synthesis  approaches  that  are  necessary  to  enable 
laser  cooling  to  temperatures  approaching  the  boiling  point  of  nitrogen. 

Nearly  thirty  years  before  the  invention  of  the  laser,  Pringsheim 
proposed  cooling  of  solids  through  fluorescence  upconversion  by  use 
of  narrowband  optical  radiation  [6].  Optical  refrigeration  or  laser 
cooling  of  solids  is  based  on  anti-Stokes  fluorescence.  Consider  an 
electronic  transition  in  a  dopant  ion  with  a  mean  emission  (fluorescence) 
wavelength  of  kf  [Fig.  1(a)].  Following  resonant  absorption  in  the 
long-wavelength  (cooling)  tail  of  such  a  transition  (A  >  kf),  the  generated 
low-energy  electronic  excitation  undergoes  ultrafast  thermalization 
through  inelastic  scattering  with  the  vibrational  modes  of  the  host  lattice, 
thereby  gaining  energy  in  the  process  (i.e.,  phonon  absorption).  This 
additional  energy  is  supplied  by  the  lattice,  which  cools  as  a  result  of 
this  interaction.  Bulk  cooling  of  the  solid  is  possible  if  the  decay  of 
these  electronic  excited  states  is  predominantly  radiative.  The  idealized 
cooling  efficiency  (??c)  of  such  a  process  can  be  defined  as  [12] 


ilc  - 


hvf  —  hv 
liv 


(1) 
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which  is  the  ratio  of  the  energy  gained  by  inelastic  scattering  (phonon 
absorption)  to  the  input  energy,  where  v  =  c/k.  A  positive  rjc 
corresponds  to  cooling  in  this  definition.  As  will  be  derived  formally 
in  Subsection  2.1,  a  realistic  cooling  efficiency  has  to  address  the 
possibility  of  heat-producing  events  such  as  nonradiative  decay  and 
absorption  by  impurities.  These  processes  reduce  the  probability  of 
conversion  of  an  absorbed  photon  into  an  escaped  fluorescence  photon 
p(k),  modifying  Eq.  (1)  to 


r)c=p(k)^  -1.  (2) 

V 

p(k)  is  given  as  a  product  of  external  quantum  efficiency  (i)ex t) 
and  absorption  efficiency  [r/abs (A)],  defined  in  the  following.  The  //ext 
represents  the  probability  with  which  a  decay  of  a  photoexcited  dopant 
ion  can  produce  an  escaped  fluorescence  photon  and  is  given  by  the 
ratio  r]eWr/(r]eWr  +  Wnr),  where  Wr  and  Wnr  are  the  radiative  and 
nonradiative  decay  rates,  respectively.  The  spontaneous  emission  is 
inhibited  by  the  fluorescence  escape  efficiency  i)e,  which  accounts  for 
effects  of  total  internal  reflection  trapping  and  reabsorption  [17,18]. 
Similarly,  the  absorption  efficiency  ?/abs  (7)  is  the  probability  of  a  pump 
absorption  leading  to  photoexcitation  of  a  dopant  ion,  and  it  is  given  by 
the  ratio  ar(k) / (ar(k)  +  a/,),  where  ar(k)  and  a/,  are  the  resonant  (ion)  and 
background  absorption  coefficients,  respectively.  As  will  be  discussed  in 
Section  4,  background  absorption  in  laser  cooling  materials  is  typically 
broadband  and  therefore  can  be  treated  as  a  constant  within  a  given 
resonant  absorption  spectrum. 

The  net  cooling  condition  (rjc  >  0)  restricts  the  joint  probability  to  values 
p(k)  >  1  —  A/kf.  For  a  practical  excitation  detuning  A  =  k  —  kf  ~  he/ 
( kgT ),  p  has  to  be  larger  than  96%  and  99%  at  300  K  and  77  K,  respectively. 
Figure  1(b)  depicts  absorption  and  fluorescence  spectra  of  a  Yb:YLF 
crystal,  along  with  the  measured  cooling  efficiency  spectrum.  Even  if  the 
cooling  condition  is  satisfied  in  the  region  where  k  <  kf,  the  sign  of  pc  is 
eventually  reversed  with  further  increase  of  the  positive  detuning  owing 
to  a  decrease  of  )/abs(k).  Thus,  the  key  requirements  for  the  laser  cooling 
process  are  both  a  high-quantum-efficiency  dopant  transition  and  a  high 
host  purity. 

The  advantages  of  using  high-quantum-efficiency  atomic  transitions  for 
laser  cooling  of  solids  were  recognized  early  on.  In  particular,  Kastler  [19] 
and  Yatsiv  [20]  suggested  that  rare-earth-doped  materials  could  be  used 
for  optical  refrigeration.  The  high  quantum  efficiency  of  rare-earth  ions 
is  a  result  of  the  efficient  screening  of  the  4/  electron  orbitals  by  5s  and 
6s  outer  shells.  This  reduces  electron-phonon  coupling  and  suppresses 
nonradiative  multiphonon  relaxation  of  excited  4/  electronic  states.  The 
screening  of  the  4/  orbitals  minimizes  the  Stokes  shift  of  the  emission 
associated  with  the  parity-forbidden  4/-4/  transitions,  allowing  states 
with  relatively  large  absorption  cross  sections  to  be  utilized  for  the  laser 
cooling  (anti-Stokes)  process.  The  (2/+  l)-degeneracy  associated  with  the 
25+1  A/  multiplets  of  a  4/  configuration  is  partially  or  completely  lifted  by 
the  interaction  with  the  crystal  field  of  the  host.  In  the  case  of  Yb3+,  this 
results  in  a  splitting  of  the  2F-//2  and  2F$/ 2  multiplets  into  4  and  3  Stark 
levels,  respectively  (for  point  symmetries  lower  than  cubic). 
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Following  these  considerations,  Kushida  and  Geusic  [21]  reported 
reduced  heating  in  a  Nd3+:YAG  crystal  when  excited  by  a  1064-nm 
laser,  which  they  attributed  to  cooling  via  anti-Stokes  emission.  The  first 
demonstration  of  net  laser  cooling  of  a  solid  was  accomplished  in  1995 
by  Epstein  and  co-workers  at  Los  Alamos  National  Laboratory  using  a 
highly  pure  ytterbium-doped  fluorozirconate  glass  Yb3+:ZBLANP  [9]. 
Since  then,  optical  refrigeration  has  been  confirmed  in  a  variety  of  glasses 
and  crystals  doped  with  Yb3+  (ZBLANP  [9,22-25],  ZBLAN  [26-31], 
ZBLANI  [32],  CNBZn  [33,34],  BIG  [28,35,36],  KGd(W04)2  [37], 
KY(W04)2  [37],  YAG  [37,38],  Y2Si05  [38],  KPb2Cl5  [33,39],  BaY2F8  [40,41], 
YLF  [42-44],  ABCYS  [45]),  Tm3+  (ZBLAN  [46,47],  BYF  [48]),  and 
Er3+  (CNBZn  [49],  KPb2Cl5  [49,50]).  The  inverse  dependence  of  the 
cooling  efficiency  rjc  on  the  pump  energy  [Eq.  (1)]  has  been  verified  in 
experiments  with  Tm3+  [47], 

Because  electronic  states  in  rare-earth-doped  solids  are  localized, 
their  thermal  population  is  governed  by  Boltzmann  statistics.  The 
thermal  population  of  the  excited  Stark  level  [see  Fig.  1(a)]  of  the 
pumped  transition  decreases  with  decreasing  temperature,  leading 
to  a  precipitous  reduction  of  the  absorption  cross  section  and  thus 
cooling  efficiency  at  low  temperatures.  This  effect  limits  the  possibility 
of  laser  cooling  of  rare-earth-doped  solids  at  temperatures  below 
about  50  K.  In  principle  this  limit  does  not  exist  for  laser  cooling 
of  semiconductors  whose  electrons  and  holes  are  indistinguishable 
and  which  thus  obey  Fermi-Dirac  statistics.  The  feasibility  of  laser 
cooling  in  semiconductors  has  been  extensively  investigated  both 
theoretically  [17,51-61]  and  experimentally  [61-69];  however,  no  net 
temperature  reduction  has  been  observed  yet.  This  failure  is  due  to 
stringent  purity  requirements,  complications  associated  with  inefficient 
light  extraction  from  the  high-refractive-index  substrate  ()/,,  <  0.2  for 
nearly  index-matched  dome  [17,66]),  and  many-body  effects  such  as  a 
carrier-density-dependent  quantum  efficiency. 

Many  innovative  applications  of  laser  cooling  have  been  proposed, 
including  an  all-solid-state  optical  cryocooler  [26,70]  and  lasers  with 
without  internal  heat  generation  [71,72],  Motivated  by  the  former,  one 
of  the  major  ongoing  directions  in  optical  refrigeration  research  has 
been  toward  a  demonstration  of  cryogenic  temperatures.  Research  on 
laser  cooling  of  Yb3+:ZBLAN  fluoride  glass  has  culminated  with  the  Los 
Alamos  team  demonstrating  absolute  temperatures  of  208  K  in  2005  [25]. 
This  result  was  accomplished  by  maximizing  pump  light  trapping  in  and 
minimizing  thermal  loads  on  a  sample. 

A  significant  breakthrough  came  with  the  realization  that  the  cooling 
efficiency  can  be  dramatically  enhanced  in  rare-earth-doped  crystalline 
hosts  [16],  compared  with  amorphous  hosts  of  similar  material  purity 
[Fig.  2].  This  is  because  the  long-range  order  in  a  crystalline  host 
leads  to  less  inhomogeneous  broadening  of  the  crystal-field  transitions 
in  comparison  with  the  glassy  matrix.  This  preserves  the  peak 
absorption  cross  section  at  the  Stark-level  resonances  and  therefore, 
through  a  corresponding  enhancement  of  the  absorption  efficiency 
)/abs,  allows  for  cooling  to  much  lower  temperatures  compared  with 
glassy  materials  with  the  same  purity.  In  addition,  higher  dopant 
concentrations  are  possible  for  stoichiometric  crystal  hosts.  Using  these 
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Figure  2 
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Timeline  of  the  progress  in  optical  refrigeration  of  bulk  rare-earth-doped  solids. 
A  clear  distinction  between  ytterbium-doped  glasses  (blue  shaded  region)  and 
an  ytterbium-doped  YLF  crystal  (red)  can  be  seen.  Local  cooling  in  the  latter 
has  been  verified  at  1 10  K,  surpassing  the  NIST-defined  cryogenic  temperature 
of  123  K. 
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ideas,  the  University  of  New  Mexico  team  cooled  Yb:YLF  crystals 
to  an  absolute  temperature  of  155  K  [16]  when  pumping  near  the 
E4-E5  crystal-field  transition  ([73];  see  Subsection  3.2).  The  lowest 
possible  temperature  in  these  experiments  was  limited  by  the  pump 
laser  that  was  used,  which  had  relatively  low  power  and  an  excitation 
wavelength  that  was  detuned  from  the  desired  E4-E5  resonance.  Despite 
these  limitations,  the  demonstrated  performance  surpassed  the  lowest 
temperatures  achievable  by  standard  thermo-electric  coolers  and  has 
positioned  laser  cooling  of  solids  as  the  only  current  all-solid-state 
cryogenic  refrigeration  technology.  Subsequently,  laser  cooling  to  165  K 
of  a  semiconductor  attached  to  a  Yb:YLF  crystal  was  accomplished, 
demonstrating  successful  cooling  of  a  thermal  load  that  mimicked  an 
actual  optoelectronic  device  [74],  As  described  in  the  next  section, 
the  laser  cooling  efficiency  model  predicts  minimum  temperatures  of 
~115  K  when  current-purity  Yb:YLF  samples  are  excited  directly  at 
the  E4-E5  crystal-field  resonance  [16].  These  predictions  were  verified 
using  a  noncontact  pump-probe  temperature  measurement  technique 
(Subsection  2.3),  where  local  cooling  to  110  K  was  observed  [75].  Thus, 
laser  cooling  below  the  NIST-defined  cryogenic  point  of  123  K  (— 150°C) 
is  feasible.  Cooling  to  absolute  temperatures  approaching  80  K  can  be 
achieved  with  a  factor  of  ten  improvement  in  the  purity  of  Yb:YLF 
crystals  [75]  (see  Section  4). 

It  is  important  to  note  recent  progress  in  other  novel  laser  cooling 
schemes.  A  process  of  collisional  redistribution  of  radiation  [76,77]  was 
demonstrated  to  cool  dense  gases  by  120  K,  starting  at  ~500  K  [78]. 
Spontaneous  Brillouin  scattering  has  been  utilized  to  cool  targeted 
vibrational  modes  of  a  microresonator  [79].  Coherent  processes  invoking 
stimulated  Raman  scattering  [80,81]  and  superradiance  [82,83]  were  also 
proposed  for  laser  cooling  applications.  Athermal  lasers  and  amplifiers 
have  been  proposed,  where  the  active  medium  is  co-doped  with 
rare-earth  ions  [84-87],  In  contrast  to  cooling  of  the  internal  degrees 
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Figure  3 
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The  four-level  model  consists  of  ground  (|0),  |1))  and  excited  (|2),  |3)) 
state  multiplets  with  respective  energy  separations  8EgtU  and  intramultiplet 
electron-phonon  interaction  rates  wgM.  Inter-multiplet  recombination  occurs  via 
radiative  (Wr)  or  nonradiative  (Wnr)  decay  channels,  following  the  excitation  of 
the  lowest-energy  transition  (|  1)-|2),  red  arrow). 


of  freedom  of  a  system,  the  interaction  of  a  laser  with  macroscopic 
(Brownian)  motion  can  be  used  to  lower  the  kinetic  energy  of  said  system 
along  a  specific  direction  [88].  An  optomechanical  resonator  was  cooled 
to  its  corresponding  quantum  ground  state  by  using  this  approach  [89]. 


2.  Principles  of  Solid-State  Laser  Cooling 

In  this  section  we  review  a  rate-equation-based  model  of  the  laser 
cooling  efficiency  that  builds  on  experimentally  accessible  macroscopic 
quantities.  We  point  out  that  microscopic  theories  of  the  cooling  cycle 
have  also  been  developed  [90-92],  but  they  are  beyond  the  scope  of  this 
review. 


2.1.  Four-level  Model 


Following  Ref.  [13],  we  consider  a  four-level  system  where  closely- 
spaced  |0)  and  |1)  energy  levels  comprise  a  ground-state  multiplet,  and 
1 2)  and  |3)  refer  to  the  closely-spaced  levels  of  the  excited-state  multiplet 
[Fig.  3].  The  incident  laser  of  energy  hv  =  £3i  (Ey  =  Ej  —  Ej)  excites 
the  |1)  — >  |2)  transition.  Inter-multiplet  relaxation  occurs  by  either 
radiative  (Wr)  or  nonradiative  ( Wnr )  decay.  For  simplicity,  we  take  the 
rate  constants  to  be  identical  for  all  possible  inter-multiplet  transitions. 
Relaxations  within  the  ground  and  excited  multiplets  are  accounted  for 
by  the  respective  electron-phonon  interaction  rate  constants  wg  and  wu, 
also  taken  to  be  the  same  in  the  current  model.  Thus,  the  population  den- 
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sity  in  the  four  levels  evolves  according  to  the  following  rate  equations: 


d^  =  -^(Ni-N2)  +  ^ (N2  +  Ah)  -  wg(Ni  -  N0e~SE^T)  (3a) 
at  hv  2 

^  (iVi  -  N2)  -  RN2  +  WU (N3  -  N2e~SE“/kllT)  (3b) 

at  hv 

^  =  -RNs  -  wu (N 3  -  N2e~SE"/kBT)  (3c) 

at 

Ntot  =  No  +  N\  +  N2  +  N3  =  const,  (3d) 

where  a \2  is  the  absorption  cross  section  of  the  |1)  — |2)  transition, 
SEg  and  8EU  are  the  widths  of  the  ground  and  excited  state  multiplets, 
R  =  2 (VI7,  +  Wnr),  and  equal  degeneracy  of  all  levels  is  assumed.  The 
total  power  density  deposited  into  the  system  is  given  by  the  difference 
between  input  (absorption)  and  output  (emission)  contributions: 

P net  =  £abs  ~  A’rad  =  [<*(0  +  ~  Wr[N2(E2 o  +  £21)  +  N3(E30  +  £31)], 

(4) 

where  a  (I)  =  o\2(N\  —  AT)  and  ab  are  the  resonant  and  the  background 
absorption  coefficients,  respectively,  the  latter  arising  from  the  possibility 
of  absorption  events  on  impurity  ions  that  lead  to  heating  [93].  Cooling 
occurs  when  Pnet  <  0  [Eq.  (4)],  i.e.,  when  the  radiated  power  density 
exceeds  the  absorbed  power  density.  The  cooling  efficiency  r]c,  defined 
as  a  ratio  of  the  negative  net  deposited  power  density  to  the  absorbed 
power  density  (rjc  =  — £net/£abs),  together  with  Eq.  (4),  a  steady-state 
solution  of  Eq.  (3),  and  homogeneous  broadening  yields 

Vc  =  hextVabsivJ) - 1,  (5) 

V 

where  ^ext  =  heWr/ (j]eWr  +  Wnr)  is  the  external  quantum  efficiency,  which 
equals  the  internal  quantum  efficiency  for  unity  fluorescence  extraction 
efficiency  The  ^absO7, 1)  term  is  the  absorption  efficiency  (defined 
below).  By  the  sign  convention  adopted  here,  r]c  >  0  corresponds  to 
cooling.  The  mean  emitted  energy  hvf  is  given  by 


SEg  8EU 

hvf  -  En  +  —  +  l  +  a+R/Wii)eSEu/kBT-  (6) 

The  absorption  efficiency  term  ?7abs  in  Eq.  (4)  is  defined  as  a  ratio  of  the 
absorption  by  the  |1)  — >  |2)  transition  to  the  total  absorption,  which 
includes  parasitic  processes: 


a  (I) 

^abs  —  ,  n 

a  (I)  +  ab 


i  |  ab(l  +///,) 
a0 


(7) 


where  Is  =  hv / o\2g{v)T2\  is  the  saturation  intensity  of  a  homogeneously 
broadened  transition  with  decay  lifetime  x2\ .  The  expected  frequency 
dependence  of  the  absorption  cross  section  ni2  is  contained  in  the 
normalized  lineshape  function  g(v),  given  by  a  Lorentzian  profile  of 
width  w u  =  wg.  Saturation  of  the  background  absorption  process  can 
be  successfully  ignored  because  of  its  small  absorption  cross  section  as 
compared  with  cri2-  The  unsaturated  resonant  absorption  «o  in  Eq.  (6)  for 
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Eu  »  kBT  is  given  by 


<J\ig{v)Nt 

\  -j_  e^Eg/kBT ' 


(8) 


Despite  its  simplicity,  the  four-level  model  conveys  the  essential  features 
of  the  laser  cooling  process.  The  model  shows  that  the  cooling  efficiency 
[Eq.  (5)]  is  implicitly  temperature  dependent  through  the  unsaturated 
resonant  absorption  [Eq.  (8)]  and  the  mean  luminescence  energy  [Eq.  (6)]. 
The  reduction  of  oiq  and  the  redshift  of  v/  with  decreasing  temperature 
lead  to  a  corresponding  decrease  in  the  cooling  efficiency.  This 
implies  the  existence  of  a  wavelength-dependent  minimum  achievable 
temperature  (M  AT(a)),  which  is  set  formally  by  the  Prad  =  Pabs  or 
ric  =  0  condition.  For  temperatures  below  the  MAT,  rjc  <  0  corresponds 
to  the  regime  where  laser  cooling  is  not  possible.  For  a  given  mean 
emission  redshift,  the  exact  value  of  the  MAT  critically  depends  on  the 
ratio  ab/cc(I)  and  hence  on  the  purity  of  the  material.  Thus,  to  achieve 
the  coldest  possible  temperatures,  a  minimal  temperature  dependence 
of  ao  and  v/  are  desired  for  a  given  material  (fixed  a/,).  The  former 
condition  is  achieved  in  materials  with  a  narrow  ground-state  multiplet 
(SEg  <  kBT),  while  the  latter  is  satisfied  when  R  <$C  wu,  a  condition 
that  precludes  a  phonon  "bottleneck"  in  the  process  of  intra-multiplet 
thermalization  [68,93,94], 

Saturation  of  the  resonant  absorption  a  (I)  =  a  o/(l  +  I/Is)  leads  to 
an  intensity-dependent  reduction  of  the  cooling  efficiency  through  a 
corresponding  reduction  of  ?7abs-  This  saturation  is  equivalent  to  an 
increase  in  the  effective  background  absorption  «/,( 1  +  I/Is)  and  thus  a 
corresponding  increase  in  the  MAT.  The  presence  of  saturation  sets  a 
practical  limit  for  the  maximum  cooling  power  density  Pmax  that  can 
be  extracted  from  a  laser  cooler.  Pmax  can  be  estimated  by  using  the 
definition  of  the  cooling  efficiency  (Pcooi  =  ?7cPabs)  together  with  Eq.  (8) 
considered  for  /  =  Is: 


P 


max 


kBT  Nt 

2t2i  1  +  e&Es/keT  ’ 


(9) 


where  pump  energy  detuning  of  kBT  is  assumed.  As  expected,  the 
maximum  cooling  power  density  is  proportional  to  the  total  ion 
concentration  and  reduces  with  temperature  because  of  a  reduction  of 
the  resonant  absorption  [Eq.  (8)]. 

The  simplicity  of  the  four-level  model  is  appealing  because  it  is  based 
on  only  five  experimentally  observable  quantities  (a  =  c/v):  «o(a,  T), 
A/  (T),  r\q,  cib,  and  I s.  This  allows  for  concrete  predictions  of  the  cooling 
performance,  in  particular  of  the  unique  MAT  of  a  given  material  system. 


2.2.  Prediction  of  Cooling  Efficiency  in  Yb:YLF 

We  now  present  measurements  of  the  cooling  efficiency  of  the 
ytterbium-doped  YLiF4  fluoride  crystals  and  compare  the  results  to  the 
predictions  of  the  four-level  laser  cooling  model.  The  material  used  in 
this  study  was  a  high-purity  Czochralski-grown  5  mol%  doped  Yb:YLF 
crystal  [94], 
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Figure  4 


wavelength  (nm)  temperature  (K) 

Temperature-dependent  spectroscopic  quantities  of  Yb:YLF  (adapted 
from  [95]).  (a)  Fluorescence  spectra  of  a  Yb:YLF  crystal  in  E\\c  orientation 
normalized  to  the  integrated  value  at  100  K;  the  inset  shows  crystal-field 
transitions  between  the  Stark  levels  of  the  Yb3+  2F-j/2  and  2F$/ 2  multiplets.  (b) 
Absorption  spectra  of  a  Yb:YLF  (5  mol%)  crystal  with  the  same  polarization  and 
color  coding  as  panel  (a);  the  inset  shows  the  long-wavelength  absorption  tail  on 
a  semilogarithmic  scale,  with  the  resonant  features  corresponding  to  the  E3-E5 
and  E4-E5  crystal-field  transitions,  (c)  Mean  fluorescence  wavelength  A f(T) 
along  with  an  approximate  linear  fit  in  the  temperature  range  of  100-300  K. 


To  obtain  the  laser  cooling  efficiency  and  in  particular  the  MAT,  four 
quantities  need  to  be  determined  experimentally:  ao(k,  T),  kf(T),  rjext, 
and  at,;  the  pump  intensity  is  taken  to  be  far  below  saturation,  I  <<C  Is. 
The  first  two  quantities  are  obtained  from  fluorescence  spectra  collected 
as  a  function  of  temperature  [Fig.  4(a)]  [96].  Reciprocity  analysis  [97] 
allows  for  the  calculation  of  ao(X,  T)  [Fig.  4(b)]  from  the  polarized  (F\\c) 
fluorescence  spectra  [95].  The  first  moment  of  the  angularly-averaged 
unpolarized  fluorescence  lineshape  function  [Fig.  4(a)]  is  used  for  the 
calculation  of  kf(T)  [Fig.  4(c)],  where  reabsorption  is  taken  into  account. 

A  separate  measurement  of  the  sample  temperature  change  as  a  function 
of  pump  laser  wavelength  [Fig.  1(b)]  is  used  to  obtain  rjext  =  0.995  ±0.001 
and  ctb  =  (4.0  ±  0.2)  x  10-4  cm-1  at  room  temperature  [96].  To  proceed, 
we  make  the  reasonable  assumptions  that  both  rjext  [98]  and  ab  are 
temperature  independent  [93].  We  will  revisit  the  validity  of  these 
assumptions  in  the  next  section. 

Figure  5(b)  depicts  the  cooling  efficiency  of  Yb:YLF  calculated  by  using 
Eq.  (4)  under  the  aforementioned  approximations.  The  blue  region 
corresponds  to  the  "cooling  window"  where  r]c  >  0,  while  heating  occurs 
in  the  red  region  where  rjc  <  0.  The  transition  line  separating  the  cooling 
and  heating  regions  corresponds  to  the  spectrum  of  the  minimum 
achievable  temperature,  i.e.,  MAT(A).  The  MAT(A)  spectrum  is  formally 
defined  by  the  condition  of  r)c(k,  T)  =  0.  The  lowest  temperature  in  the 
MAT  (A.)  is  termed  "global-MAT"  or  MATg  and  occurs  at  Aopt,  for  which 
3(MAT(A.))/3A|x=Aopt  =  0.  The  cooling  window  narrows  with  decreasing 
temperature,  being  constrained  by  the  mean  luminescence  redshift  at 
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Figure  5 


a  elength  (nm)  a  elength  (nm) 

Comparison  of  cooling  efficiencies  in  a  glass  and  a  crystal  host  (adapted 
from  [95]):  Contour  plots  of  cooling  efficiency  rjc(k,  T )  for  (a)  Yb:ZBLAN  and 
(b)  Yb:YLF.  The  black  dashed  lines  separating  cooling  (blue)  and  heating  (red) 
regions  correspond  to  the  spectra  of  minimum  achievable  temperature,  labeled 
MAT(A).  The  effect  of  large  inhomogeneous  broadening  in  the  glass  host  is 
evident  from  a  lowest  MAT  (MATg)  in  Yb:ZBLAN  of  ~190  K  (at  ~1015  nm), 
compared  with  a  MATg  of  — -115  K  (at  1020  nm)  in  Yb:YLF  for  otherwise 
similar  parameters  of  iyext  and  a/-,. 


short  wavelengths  and  increasing  ay/aiT )  ratio  at  long  wavelengths. 
This  narrowing  terminates  at  a  single  point  that  corresponds  to  MATg. 
The  MATg  for  the  given  Yb:YLF  sample  is  predicted  to  be  ~115  K 
at  Aopt  ~  1020  nm,  corresponding  to  the  wavelength  of  the  E4-E5 
crystal-field  transition  in  Yb3+.  Figure  5(a)  shows  a  similar  analysis 
of  the  cooling  efficiency  in  YbiZBLAN  based  on  data  obtained  from 
earlier  studies  [99],  Both  materials  have  similar  quantum  efficiency 
and  background  absorption;  however  a  considerably  higher  MATg  of 
190  K  is  predicted  for  the  glass  host  [95],  Previous  results  of  cooling  of 
YbiZBLAN  at  1026  nm  [25]  are  consistent  with  this  estimate.  Compared 
with  the  glass  host,  the  crystal  host  achieves  a  lower  MATg  because  of 

(i)  smaller  inhomogeneous  broadening  and  (ii)  a  higher  rare-earth  ion 
concentration,  both  giving  a  larger  peak  absorption  cross  section  of  the 
E4-E5  transition. 

To  estimate  the  effect  of  saturation.  Fig.  6(a)  shows  the  MATg  for  a  5% 
Yb:YLF  crystal  as  a  function  of  an  "effective  background  absorption" 
term  ab{\  +  I/Is)-  For  unsaturated  conditions,  —  4  x  10-4  cm"* 1 * 
corresponds  to  the  MATg  ~  115  K  which  degrades  with  the  excitation 

approaching  saturation  intensity  For  example,  I  =  Is  would  increase 
the  MATg  to  ~1 30  K.  For  practical  considerations,  where  high  cooling 
power  densities  are  desired,  a  saturation-limited  MAT  has  to  be  taken 
into  an  account.  Figure  6(b)  plots  the  maximum  cooling  power  density, 
as  calculated  from  the  model  [Eq.  (9)]  under  I  —  Is  excitation  and  for 

SEg  ~  60  meV  [100].  A  MATg  of  ~130  K  with  3  W/m3 *  is  predicted 
to  be  possible  for  current-generation  cryocoolers.  We  also  note  that  an 
unsaturated  MATg  of  ~85  K  is  predicted  for  a/,  =  4  x  10  5  cm  1  [Fig.  6(a)]. 
Optical  refrigeration  to  near  the  boiling  point  of  nitrogen  and  colder 
should  therefore  be  possible  with  the  development  of  advanced  material 
synthesis  methods  [Section  4]. 
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Figure  6 


(a)  Model  prediction  of  the  global  minimum  achievable  temperature  M  AT„  = 
MAT(1020  nm)  as  a  function  of  an  effective  background  absorption  in  Yb:YLF 
(5  mol%,  E\\c,  //ext  =  0.995).  (b)  Model  prediction  of  the  maximum  cooling 
density  that  can  be  extracted  from  this  material  [Eq.  (9)]. 


Figure  7 


time  (ms) 


(c) 


wavelength  (nm) 


Experimental  verification  of  the  laser  cooling  model  (adapted  from  [96]).  (a) 
Schematic  of  the  experimental  arrangement:  the  Yb:YLF  crystal  is  clamped  by 
the  cold-finger  arrangement  that  is  held  at  7b;  the  local  temperature  change 
due  to  the  pump  beam  is  detected  via  luminescence  from  a  GaAs/InGaP 
double  heterostructure,  excited  in  turn  by  a  probe  laser.  Thermal  buffers  serve 
to  maximize  the  local  signal,  while  maintaining  the  Yb:YLF  temperature 
near  the  7o  setpoint,  (b)  Normalized  and  vertically  shifted  time  traces  of 
the  spectral  derivative  signals,  showing  a  distinct  phase  reversal  between  the 
heating  (980  nm)  and  cooling  (1020  nm)  excitations  at  room  temperature, 
(c)  Comparison  of  the  contour  plot  of  the  calculated  cooling  efficiency  with 
the  measurement  (circles)  of  the  minimum  achievable  temperature  spectrum 
[MAT(A.)];  local  cooling  to  a  MAT  of  1 10  ±  5  K  at  ~1020  nm  is  demonstrated; 
the  inset  shows  the  energy-level  diagram  of  Yb3+(not  to  scale). 


2.3.  Experimental  Verification  of  the  Model 


Local,  transient  laser  cooling  experiments  were  carried  out  to  measure 
M  AT (>,).  For  this,  the  overall  temperature  of  the  sample  7o  was  adjusted 
in  a  cryostat  [Fig.  7(a)].  The  local  temperature  measurement  probes 
the  pump-induced  temperature  dynamics  T(t)  =  Tq  +  A  T(t)  within 
a  small  spatio-temporal  (i.e.,  local)  window  defined  by  the  excitation 
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beam  and  geometry-dependent  thermal  transport  [75,101,102].  For  a 
fixed  excitation  wavelength.  Tq  was  varied  until  the  local  temperature 
deviation  AT  changed  sign  from  cooling  to  heating  [Fig.  7(b)],  The  To  at 
which  this  occurred  corresponded  to  the  MAT  at  that  given  wavelength. 

The  measurement  of  the  MAT  (A.)  relied  on  a  fast  and  highly  sensi¬ 
tive  thermometric  technique:  two-band  differential  spectral  metrology 
(2B-DSM),  which  can  rapidly  measure  temperature  changes  as  small 
as  0.25  mK  in  semiconductors  [75]  and  ~6  mK  in  glasses  [103,104], 
The  measured  MAT  spectrum  is  shown  in  Fig.  7(c)  and  is  in  excellent 
agreement  with  the  theoretically  predicted  values.  In  particular,  the 
model  prediction  of  a  MATg  of  115  K  is  in  excellent  agreement  with 
the  measured  value  of  110  ±  5  K.  These  measurements  demonstrate 
the  optical  refrigeration  potential  of  current-generation  materials  to  cool 
below  the  NIST-defined  cryogenic  temperature  of  123  K.  The  observed 
agreement  in  the  cooling  efficiency  validates  the  laser  cooling  model 
and  its  assumptions,  such  as  the  temperature  independence  of  quantum 
efficiency  and  background  absorption. 

3.  Bulk  Cooling 

3.1.  Thermal  Load  Optimization 

The  prospect  of  an  all-solid-state  cryocooler  is  the  primary  driver  for 
laser  cooling  research  to  strive  for  the  lowest  possible  temperature. 
To  approach  cooling  temperatures  near  MAT,  several  important 
experimental  considerations  have  to  be  addressed.  These  considerations 
are  illustrated  by  the  equation  for  temperature  evolution,  which  follows 
from  energy  conservation  [26]: 


(10) 


where  C  is  the  heat  capacity  of  the  cooling  sample,  and  Pcooi  and  Pioad 
are  the  cooling  power  load  and  environment  heat  load,  respectively. 
To  optimize  cooling,  Pcooi  and  Pioad  terms  need  to  be  maximized  and 
minimized,  respectively. 

The  heat  load  term  Pioad  is  the  sum  of  convective,  conductive,  and 
radiative  heat  loads.  The  first  two  respective  contributions  are  lowered 
by  carrying  out  the  experiment  in  a  vacuum  chamber  and  by  minimizing 
the  contract  area  between  the  sample  and  its  supports.  Detailed 
modeling  has  shown  that  under  these  conditions  the  radiative  or 
blackbody  load  is  indeed  the  dominant  contribution,  and  it  is  expressed 
as  [26,105] 


(11) 


where  er  is  the  Stefan-Boltzmann  constant  (=5.67  x  1 0~8  W /m2/K4),  Tc  is 
the  environment  (chamber)  temperature,  and  y  =  (1  —  ec)ssAs/ecAc  with 
Aj  and  Sj  (j  =  s,c)  representing  the  surface  areas  and  thermal  emissivities 
of  the  chamber  and  sample,  respectively.  Minimization  of  Pbb  requires 
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maximization  of  /,  which  is  accomplished  for  small  sc  and  Ac  as  well 
as  As/Ac  — »■  1.  These  conditions  are  satisfied  by  making  a  tight-fitting 
"clamshell"  chamber  around  the  laser  cooling  crystal  and  lining  it  with 
a  low-emissivity  coating  (ec  ~  0.05)  [25]. 

The  cooling  power  is  given  as  a  product  of  the  cooling  efficiency  [Eq.  (4)] 
and  absorbed  power  (Pabs),  i.e.,  PCool  =  VcG-<  T)Pahs(k,  T).  In  Yb:YLF,  the 
cooling  efficiency  is  maximized  for  kopt  =  1020  nm,  corresponding  to 
the  E4-E5  crystal-field  resonance.  Maximization  of  Pabs  is  equivalent  to 
maximization  of  the  number  of  round  trips  N  that  the  excitation  at  a  fixed 
input  power  Pq  completes  through  the  cooler.  The  effective  interaction 
length  NL  can  be  increased  by  means  of  a  nonresonant  cavity,  where 
the  sample  is  placed  between  two  dielectric  mirrors  with  pump  light 
admitted  through  a  small  entrance  hole  in  the  input  mirror  [25,47],  The 
mirrors  can  either  form  an  external  cavity  or  be  deposited  directly  onto 
the  sample.  For  the  latter  case  it  has  been  shown  that  residual  absorption 
in  dielectric  mirror  coatings  can  diminish  laser  cooling  performance. 
Another  approach  is  to  couple  pump  light  into  totally  internally  reflected 
(trapped)  modes  of  a  laser  cooling  medium.  Yet  another  approach  uses 
a  resonant  cavity  to  interferometrically  couple  coherent  excitation  to 
cavity  modes  and  an  intracavity  absorber.  It  has  been  known  for  some 
time  [101-103]  that  absorption  efficiencies  approaching  unity  can  be 
achieved  for  an  arbitrary  absorbance  ( aL )  inside  a  resonator,  provided 
that  the  reflectivity  of  the  input  coupling  mirror  (RjC)  satisfies  the  optical 
impedance  matching  condition  (OIM).  The  OIM  or  "critical  coupling" 
condition  constrains  the  input-coupler  reflectivity  to  /?,<■  =  exp(— 2o,L), 
when  the  back  mirror  reflectivity  is  assumed  to  be  unity.  Recently, 
the  OIM  condition  for  the  intracavity  absorber  has  been  interpreted  to 
be  analogous  to  a  "time-reversed"  laser  [104],  A  true  thermodynamic 
analogy  of  a  laser  running  in  reverse,  however,  requires  a  cavity  with  a 
"negative  gain"  that  absorbs  all  of  the  input  light,  cooling  the  intracavity 
element  in  the  process.  Thus,  intracavity  optical  refrigeration  can  indeed 
be  thought  of  as  the  analog  of  a  laser  running  in  reverse! 

Intracavity  enhancement  has  been  applied  to  YbiZBLAN,  and  an 
enhancement  of  the  on-resonance  absorption  by  a  factor  of  20  [Fig.  8(b)] 
compared  with  the  single-pass  value  of  aL  was  observed  [31];  93%  of  the 
theoretically  predicted  absorption  was  obtained  at  the  cavity  resonance 
[Fig.  8(a)].  The  University  of  New  Mexico  team  cooled  YbiZBLAN  by 
3  K  for  an  input  power  of  1  W  at  1030  nm  with  this  setup  [31]  and  under 
conditions  of  minimized  heat  load.  Likewise,  they  reported  cooling  of 
Yb:YLF  by  69  K  with  15  W  of  excitation  at  the  same  wavelength  [43]. 
These  experiments  provided  a  first  demonstration  of  a  "laser  running 
in  reverse."  Greater  cooling  was  not  obtained  because  of  the  challenges 
of  cavity  stabilization  and  the  longitudinal  mode  instability  of  the 
high-power  pump  laser. 

A  solution  to  these  challenges  is  to  combine  the  cavities,  i.e.,  to  place 
the  absorber  inside  the  laser  resonator.  This  eliminates  the  problems 
associated  with  the  cavity-length  stabilization  and  modal  instability 
of  the  oscillator  and  allows  for  maximum  absorption,  provided  the 
OIM  condition  is  satisfied.  Laser  cooling  of  YbiZBLAN  by  9  K  has 
been  achieved  by  using  this  concept  [30],  and  a  temperature  drop  of 
~20  K  was  obtained  in  Yb:YLF  when  the  crystal  was  placed  inside 
of  a  VECSEL  [106].  This  is  a  promising  approach  to  next-generation 
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Figure  8 


Cavity-enhanced  resonant  absorption  (adapted  from  [31]).  (a)  The  reflectivity  of 
the  cavity  is  shown  as  a  function  of  cavity  length.  For  a  high-reflectivity  back 
min  or,  the  cavity  reflectivity  R  —  I  —A,  where  A  is  the  absorption.  On  resonance, 
R  11%  corresponds  to  ~89%  absorption,  which  is  93%  of  the  ideal  absoiption  as 
predicted  from  the  analysis,  (b)  On-resonance  enhancement  (cavity  absorption 
normalized  to  the  single -pass  absoiption)  is  plotted  for  various  values  of  input 
coupler  reflectivity  Rlc  and  compares  favorably  with  the  theory  (OIM  condition) 
for  the  given  uncertainty  (shaded  gray  area)  in  the  aL  value. 


cryogenic  optical  refrigerators;  however,  as  outlined  in  Subsection  3.3, 
the  practical  challenges  of  further  heat  load  minimization,  thermal  link, 
and  device  miniaturization  still  remain  to  be  demonstrated. 


3.2.  Cryogenic  Cooling  in  Yb:YLF 

The  most  successful  approach  to  date  for  achieving  coldest  temper¬ 
atures  uses  nonresonant  cavities  for  maximizing  the  absorbed  laser 
power  [16,24-26,47],  The  lowest  absolute  temperature  of  155  K  for 
bulk  laser  cooling  reported  to  date  used  a  5  mol%  Yb:YLF  crystal 
pumped  at  1023  nm  so  as  to  utilize  the  cooling  efficiency  enhancement 
near  the  E4-E5  crystal-field  resonance  [Subsection  2.2],  Experimental 
conditions  ensured  that  the  intensity  was  below  the  saturation  intensity 
of  a  5%  Yb:YLF  crystal  [94],  The  absorbed  power  was  maximized  by 
spatial  mode  matching  of  a  high-power  pump  laser  to  a  nonresonant 
cavity  in  which  a  Brewster-cut  Yb:YLF  crystal  was  placed  [Fig.  9(a)]. 
Heat  load  minimization  techniques  were  applied  [Subsection  3.1], 
and  the  temperature  was  measured  in  a  noncontact  arrangement  by 
monitoring  spectrally  resolved  changes  of  the  luminescence  lineshape 
function  [16,22,69,107],  as  shown  in  Fig.  9(b).  To  demonstrate  the 
wavelength  dependence  of  the  cooling  efficiency  [Fig.  5(b)],  cooling 
experiments  were  carried  out  for  various  wavelength  and  pump 
power  conditions.  The  steady-state  temperature  was  plotted  versus  the 
absorbed  power  [Fig.  9(c)].  These  results  clearly  show  a  substantial 
enhancement  of  the  cooling  efficiency  when  the  excitation  wavelength 
approaches  the  E4-E5  crystal-field  resonance  at  1020  nm.  The  calculated 
steady-state  temperature  [calculated  by  equating  cooling  power  to  the 
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Figure  9 


Energy  (eV) 


Absorbed  power  (W) 


Cryogenic  operation  (adapted  from  [16]).  (a)  Schematic  of  the  experimental 
setup  where  isolated  (via  a  Faraday  rotator,  FR)  and  mode-matched  pump  light 
is  trapped  in  a  nonresonant  cavity  formed  around  the  Yb:YLF  sample  inside  of 
a  clamshell.  A  spectrometer  is  used  to  measure  the  temperature  of  the  sample 
by  using  a  DLT  method  by  extracting  the  temperature  from  normalized  and 
reference-subtracted  differential  luminescence  spectra,  panel  (b).  The  measured 
steady-state  temperature  (open  circles)  is  plotted  versus  absorbed  power  and 
excitation  wavelength  along  with  the  model  fits  (see  text  for  details). 


blackbody  load  in  Eq.  (11)  and  ignoring  saturation]  versus  the  absorbed 
power  yields  good  agreement  with  the  theory.  This  agreement  not  only 
validates  the  laser  cooling  model,  but  also  independently  confirms  that 
the  radiative  load  is  the  dominant  load  on  the  sample.  We  note  that 
for  high  absorbed  powers  and  unsaturated  pumping,  the  calculated 
curves  asymptote  at  the  minimum  achievable  temperature  for  the  given 
wavelength.  The  limited  tuning  of  the  Yb:YAG  pump  laser  used  for  this 
study  did  not  allow  for  high-power  cooling  at  the  exact  E4-E5  resonance 
wavelength,  but  a  calculation  predicts  that  under  similar  experimental 
conditions,  cooling  to  ~115  K  is  possible  for  absorbed  powers  of  >4  W 
while  on  resonance  [Fig.  9(c)]. 

The  MAT  of  115  K  is  an  intrinsic  limitation  of  the  material  purity  of  the 
current  generation  Yb:YLF  crystals.  As  is  shown  in  Subsection  2.2,  an 
order  of  magnitude  reduction  of  the  background  absorption  coefficient 
in  laser  cooling  crystals  is  projected  to  lower  the  MAT  to  near  the 
nitrogen  boiling  point.  The  lower  resonant  absorption  coefficient  at 
liquid  nitrogen  temperatures  renders  multipass  absorption  enhancement 
schemes  less  practical  because  of  the  rising  number  of  required 
round  trips  and  associated  increased  mirror  losses  [108].  Thus,  the 
future  of  cryogenic  optical  refrigeration  relies  on  research  in  material 
synthesis  together  with  optical  engineering  of  intra-laser-cavity  cooling 
approaches. 

3.3.  Device  Considerations 


The  optical  cryocooler  offers  several  key  advantages,  including  com¬ 
pactness,  no  vibrations  (no  moving  parts  or  fluids),  and  high  reliability. 
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Figure  10 


Illustration  of  a  prototype  all-solid-state  optical  refrigerator.  A  diode-pumped 
semiconductor  laser  cavity  consisting  of  (i)  multiple  quantum-well  (MQW)  gain 
regions  and  an  attached  distributed  Bragg  reflector  (DBR),  (ii)  cooling  crystal, 
and  (iii)  high  reflectivity  (HR)  end  mirror.  The  cooling  power  from  the  crystal  to 
the  payload  is  transferred  through  a  thermal  link.  A  spectrum  monitor  optically 
measures  the  temperature  of  the  cooling  crystal. 


Space-borne  infrared  sensors  are  likely  to  be  the  first  beneficiaries, 
because  imaging  systems  on  space  platforms  are  extremely  sensitive 
to  vibrations.  Fundamentally,  the  size  of  the  cryocooler  is  limited  by 
only  Xj,  which  is  the  mode  volume  of  a  microscopically  sized  laser.  The 
possibility  of  a  microscale  cooler  is  intriguing  for  basic  science  research 
as  well  as  for  local  cooling  of  microelectronics.  A  study  by  Ball  Aerospace 
Corporation  showed  that  rare-earth-based  optical  refrigeration  can 
outperform  conventional  thermoelectric  and  mechanical  coolers  for 
low-power,  space-borne  operations  in  the  80-170  K  temperature 
range  [109].  Current-generation  Yb:YLF  materials  are  pure  enough  to 
allow  for  demonstration  of  temperatures  at  or  below  the  NIST-defined 
cryogenic  barrier  (123  K).  Figure  10  illustrates  a  conceptual  device  that 
combines  several  ideas  of  performance  optimization,  as  discussed  above. 

In  particular,  the  absorption  efficiency  is  enhanced  by  placing  the 
impedance-matched  cooling  element  inside  a  compact  laser  cavity 
[Subsection  3.2],  The  use  of  high-efficiency  pump  diode  lasers  for 
VECSELs  (or  similar  lasers)  should  further  enhance  the  overall  wall-plug 
efficiency  of  the  cryocooler.  Furthermore,  the  cooling  efficiency  can  be 
maximized  to  approach  the  Carnot  limit  with  the  use  of  photovoltaic 
elements  that  recycle  the  waste  photons  [13].  The  thermal  link  between 
the  cooling  element  and  the  payload  is  one  of  the  outstanding  challenges 
for  the  laser  cooler  device.  A  successful  thermal  link  design  should 
incorporate  properties  of  an  efficient  photon  blockade  (to  prevent 
radiative  heating  of  the  load)  in  addition  to  possessing  high  thermal 
conductivity  (to  effectively  remove  heat  from  the  load).  Proposed  [110] 
approaches  for  thermal  link  designs  are  yet  to  be  demonstrated.  With 
all  of  these  technological  improvements  and  ultrapure  laser  cooling 
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Figure  1 1 


Ce3+  Dy3+  Ho3+  Tm3+  Er3+  Yb3+ 


Energy  of  first  excited  state,  Ep  [cm-1] 


Combinations  of  active  ions  and  host  materials  for  optical  refrigeration. 
Combinations  for  which  the  energy  of  the  highest-energy  optical  phonon,  hcomax, 
is  less  than  Ep/ 8  (blue  area)  are  expected  to  achieve  >90%  of  the  ideal  cooling 
efficiency  [Eq.  (1)].  Materials  in  which  laser  cooling  has  been  experimentally 
observed  are  indicated  by  the  open  circles  [1 1 1]. 


materials,  there  are  few  barriers  remaining  for  the  realization  of  compact, 
high-efficiency  all-solid-state  cryocoolers. 


4.  Material  Synthesis:  Toward  Sub-100  K  Optical 
Refrigerators 

The  synthesis  of  materials  for  solid-state  optical  refrigerators  is  con¬ 
cerned  mainly  with  maximizing  the  internal  photon  quantum  efficiency 
in  rare-earth-doped  systems.  Besides  the  desired  radiative  decay,  the 
excited  state  can  also  relax  by  several  unfavorable  nonradiative  decay 
mechanisms.  These  convert  the  electronic  excitation  into  vibrational 
energy,  heating  up  the  lattice.  The  objective  is  to  create  a  material  with 
minimal  nonradiative  relaxation  compared  with  its  radiative  relaxation. 

A  first  consideration  is  the  choice  of  the  rare-earth  ion  and  host  material. 
The  intrinsic  nonradiative  decay  that  occurs  from  the  interaction  of  the 
rare-earth  ion  with  the  vibrational  modes  of  the  host  itself  has  to  be 
minimized.  This  is  achieved  by  selecting  a  host  material  with  a  maximum 
optical  phonon  energy,  licomaK/  that  is  significantly  smaller  than  the  energy 
of  the  first  excited  electronic  state  of  the  rare-earth  ion,  Ep  [111],  For  many 
rare-earth  ion  excited  states,  the  multiphonon  relaxation  rate  becomes 
negligible  compared  with  the  radiative  relaxation  rate  (i.e.,  the  respective 
intrinsic  quantum  yield  approaches  unity)  if  Ep/ha>m ax  >  8  [112],  In  the 
case  of  Yb3+,  the  2/75/2-2/77^2  energy  gap  of  Ep  ~  9500  cm”1  therefore 
sets  an  upper  limit  of  hcomax  ~  1200  cm”.  As  shown  in  Fig.  11, 
this  excludes  most  oxide  glasses  as  host  materials  and  narrows  the  set 
of  practical  hosts  to  oxide  crystals  (e.g.,  YAG,  YAIO3,  Y2O3,  YSiCb), 
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fluoride  glasses  (e.gv  ZBLAN,  BIG),  and  fluoride  crystals  (e.g.,  YLiF4, 
BaY2F8).  For  Yb3+-doped  fluoride  crystals  in  particular,  Ep/hcomax  ~  20, 
which  essentially  eliminates  nonradiative  decay  via  interaction  with 
host  phonons  [113].  Therefore,  the  even  lower  phonon  energies  of 
bromides,  chlorides,  and  iodides  (hcom ax  <  280  cm  1  [112])  do  not  offer 
any  further  advantage  for  Yb3+-based  laser  cooling  materials,  and  the 
additional  complexity  associated  with  the  extreme  hygroscopicity,  which 
is  common  in  the  heavy  halides,  can  be  avoided.  The  energy  of  the  first 
excited  state  in  Er3+,  Tr3+,  Flo3+,  or  Dy3+  is  smaller  than  that  of  Yb3+,  and 
these  ions  therefore  offer  a  theoretically  higher  cooling  efficiency  than 
Yb3+  [see  Eq.  (1)].  The  lower  Ep,  however,  will  require  a  lower  hcom ax, 
and  future  laser  cooling  with  Ho3+  or  Dy3+  in  particular  will  likely  be 
possible  only  with  chloride  or  bromide  hosts. 

We  now  turn  to  mitigating  nonradiative  decay  that  is  introduced 
by  impurities.  A  first  class  of  impurities  comprises  molecules  with 
high-energy  vibrational  modes  such  as  the  ubiquitous  FFO  and 
OH-  but  also  complex  anions  such  as  NF^J" .  The  excited  state  of  a 
rare-earth  ion  in  proximity  to  such  a  "vibrational  impurity"  will  decay 
nonradiatively  by  coupling  to  a  high-energy  vibrational  mode.  For 
Yb3+  in  proximity  of  an  OF!-  ion,  which  has  a  3440  cm"-1  stretching 
mode  [114,115],  the  9500  cm-1  energy  gap  of  Yb3+  can  be  bridged  by 
<3  vibrational  quanta,  making  nonradiative  relaxation  of  the  Yb3+  2 F5/2 
excited  state  the  dominant  relaxation  process.  The  need  to  maximize 
the  resonant  absorption  coefficient  ao  necessitates  rare-earth  doping 
concentrations  of  typically  >1  mol%,  for  which  energy  migration  among 
the  rare-earth  ions  becomes  efficient.  In  such  a  scenario,  Yb  -OH- 
centers  act  as  efficient  nonradiative  "traps"  for  excitation  energy  that 
can  significantly  degrade  the  overall  laser  cooling  performance  even 
at  low  concentrations  [93].  Vibrational  impurities  can  be  minimized 
in  the  synthesis  process.  In  the  case  of  fluorides,  the  binary  fluoride 
starting  materials  (e.g.,  YF3,  LiF,  and  YbF3  for  YUF4: Yb3+)  can  be  first 
individually  treated  in  hot  HF  gas  to  reduce  residual  FFO  and  OH- 
impurities,  and  the  subsequent  preparation  of  a  crystal  or  glass  proceeds 
under  inert  atmosphere  such  as  ultrahigh-purity  argon  [116-118]. 

A  second  class  of  impurities  comprises  trace  metal  ions  having  optical 
absorptions  that  are  in  resonance  with  the  pump-emission  wavelength 
of  the  rare-earth  ion.  Such  impurities  introduce  two  types  of  nonradiative 
decay  (see  Fig.  12):  (1)  pump  laser  energy  absorbed  directly  by  these 
ions  manifests  as  background  absorption  [o^,  Eq.  (6)]  and  generally 
decays  nonradiatively;  and  (2)  these  ions  can  act  as  acceptors  in  a 
nonradiative  energy  transfer  from  the  rare-earth  ion  and  act,  even  at 
low  concentrations,  as  efficient  "traps"  that  can  be  reached  via  energy 
migration  among  the  rare-earth  ions.  While  many  metal  ions  could,  in 
principle,  act  as  detrimental  impurities,  there  is  a  smaller  set  of  metals 
that  are  ubiquitous  in  commercial  starting  materials.  The  metals  of 
concern  include  Fe,  Ti,  Mn,  V,  Cr,  Ni,  Cu,  and  Co.  As  shown  in  Fig.  12, 
the  2+  oxidation  state  of  these  transition  metals,  in  particular,  tends  to 
have  strong  undesired  absorptions  in  the  near-infrared  spectral  region 
(4000-12000  cm-1),  where  the  laser  cooling  transitions  of  Yb3+,  Er3+, 
Tm3+,  and  Ho3+  occur,  while  the  absorption  bands  associated  with  other 
oxidation  states  tend  to  be  at  higher  energies.  For  example,  Fe2+  has  a 
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Figure  12 


Wavelength  [nm] 


Absorption  cross  sections  for  various  transition-metal  ions  in  ZBLAN  glass 
at  room  temperature  (colored  traces,  adapted  from  [128]).  The  shaded 
areas  show  the  luminescence  spectra  of  Yb3+:YLiF4  [16],  Er3+:Si02, 
Tm3+:ZBLAN  [105],  and  Ho3+:Ba2NaNb20i5  [130].  Spectral  overlap  between 
a  rare-earth  luminescence  and  a  transition-metal  absoiption  indicates  the 
possibility  of  quenching  via  nonradiative  energy  transfer.  Transition-metal  ions 
with  2+  oxidation  states  arc  particularly  problematic  in  this  respect. 


5T2  — >  5E  absorption  band  around  10000  cm-1  in  RbFeF3  and  KFeF3, 
while  the  6AXg  — >  4TXg,  4T2g,  4AXg,  4Eg  absorption  bands  of  Fe3+  in  FeF3 

and  Fi3Na3Fe2Fi2  are  all  at  >14000  cm-1  [119].  Similarly,  Cr2+  has  several 
broad  absorptions  in  the  4000-14000  cm"1  region  in  CdF2  [120],  while 
the  4A2  — >  4 T2  absorptions  of  Cr3+  in  oxides  and  fluorides  are  all  at 
>12000  cm"1  [121-125].  The  V2+4A2  -*  4T2,4TX  absorptions  in  CsCaF3 
and  KMgF3  occur  around  8000-12000  cm"1  [124,126],  Ni2+  has  broad 
absorptions  in  the  4000-14000  cm"1  range  in  CdF2  [120]  and  fluoride 

glass  [127],  and  the  472,  4TX  absorptions  of  Co2+  occur  between  3000  and 
25000  cm"1  in  CdF2  [120],  KMgF3  [121],  and  Z11F2  [121].  Cu2+  absorbs 
strongly  in  the  5000-17000  cm"1  range  in  fluorides  [128],  while  the  Cu+ 
absorptions  in  RbMgF3  are  all  at  >25000  cm"1  [129]. 

Calculations  indicate  that  the  concentration  of  transition-metal  impu¬ 
rities  has  to  be  no  greater  than  10-100  ppb  (parts  in  109)  to  not 
substantially  degrade  a  laser  cooling  material  such  as  Yb3+:ZBLAN  [93]. 
Reducing  transition-metal  impurities  to  such  low  levels  has  two  distinct 
aspects.  First,  typical  commercial  fluoride  starting  materials  have 
transition-metal  impurities  at  the  parts  per  million  (parts  in  106)  level. 
Such  materials  are  not  sufficiently  pure  for  use  in  a  direct  synthesis  of  a 
laser  cooling  material,  and  purification  of  the  staring  material  is  required. 
The  chemical  inertness  of  the  binary  fluorides,  however,  prevents  the 
use  of  standard  purification  methods  (e.g.,  sublimation,  recrystallization, 
ion  exchange,  solvent  extraction)  and  makes  their  purification  difficult. 
One  approach  to  creating  pure  laser  cooling  materials  [131]  begins 
with  the  respective  oxides,  carbonates,  chlorides,  or  metals  that  can 
be  dissolved  in  acids,  purified  by  solvent  extraction,  precipitated  as 
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fluorides  with  hydrofluoric  acid,  and  finally  converted  to  high-purity 
binary  fluorides  by  drying  in  hot  HF  gas.  This  comprehensive  process 
has  been  demonstrated  for  each  of  the  ZrF4,  BaF2,  LaF3,  AIF3,  NaF,  I11F3, 
and  YbF3  precursors  of  the  Yb3+:ZBLANI  laser  cooling  glass  [131]. 
In  this  study,  an  ~725  fold  reduction  in  transition-metal  impurities 
over  the  initial  commercial  purity  was  measured,  achieving  a  final 
residual  transition-metal  concentration  of  ~100  ppb  that  was  suited  for 
the  subsequent  synthesis  of  a  high-performance  laser  cooling  material. 
Second,  the  growth  of  a  laser  cooling  crystal  represents  in  itself  a 
purification  process.  Controlled  crystal  growth  tends  to  exclude  ions 
that  are  not  part  of  the  ideal  crystal  lattice.  In  addition,  the  growth 
of  a  crystal  tends  to  prefer  specific  oxidation  states  of  the  impurities 
that  are  incorporated.  During  the  crystal  growth  of  YLiF4,  for  example, 
impurities  of  oxidation  state  1+  (Li+  site)  and  3+  (Y3+  site)  are 
expected  to  be  incorporated  more  likely  than  impurities  with  2+  and 
4+  oxidation  states.  Incorporation  of  the  latter  requires  formation  of 
charge-compensated  sites  which  may  energetically  be  less  favorable.  As 
shown  in  Fig.  12,  the  2+  transition  metals  are  particularly  detrimental 
with  regards  to  acting  as  acceptors  in  an  energy  transfer  from  Yb3+, 
Er3+,  Tm3+,  or  Ho3+.  Their  potential  suppression  during  the  crystal 
growth  of  Yb:YLF  may  lead  to  reduced  background  absorption  and 
nonradiative  decay,  offering  an  explanation  for  the  outstanding  laser 
cooling  performance  of  this  material.  In  contrast,  fabrication  of  a 
laser  cooling  glass  such  as  YbiZBLAN  does  not  benefit  from  this 
purification  step  because  all  of  the  metal  impurities  that  are  present  in 
the  original  glass  melt  will  be  incorporated  into  the  final  glass  during 
melt  quenching.  The  preparation  of  TT>:YLF  capable  of  sub-100  K  optical 
refrigeration  will  likely  require  a  combination  of  purification  of  YF3, 
LiF,  and  YbF3  starting  materials  with  crystal  growth  under  carefully 
controlled  conditions. 

Yb:YLF  crystals  can  be  grown  by  the  Czochralski  [132-136]  or  the 
Bridgman-Stockbarger  technique  [116,136-138].  Use  of  this  crystal  for 
laser  cooling  applications  requires  starting  materials  of  exceedingly  high 
purity,  as  described  above,  which  also  aids  in  the  growth  of  high-quality 
crystals.  Abell  et  al.  have  shown  that  the  often  reported  peritectic  melting 
behavior  of  YLiF4  is  due  to  water  and  oxygen  contaminations  [139]. 
They  achieved  congruent  but  nonstoichiometric  melting  of  Yo.52Lio.4sF4 
provided  that  the  starting  materials  were  first  treated  in  hot  HF  gas, 
the  initial  YLiF4  product  was  zone-refined  under  argon,  and  the  crystal 
was  subsequently  grown  by  the  Czochralski  technique  under  argon.  The 
purity  of  argon  was  identified  as  a  key  factor,  and  passing  the  argon 
through  a  molecular  sieve  and  over  titanium  heated  to  700°  C  provided 
a  sufficiently  water-  and  oxygen-free  atmosphere  for  zone-refinement 
and  crystal  growth.  Such  careful  elimination  of  water  and  oxygen 
contaminants  and  tight  process  control  are  prerequisites  for  producing 
Yb:YLF  crystals  capable  of  sub-100  K  optical  refrigeration. 


5.  Summary 

We  reviewed  recent  advances  in  laser  cooling  of  the  Yb3+:YLiF4 
crystal  to  cryogenic  temperatures.  A  laser  cooling  model,  aided  by 


Advances  in  Optics  and  Photonics  4,  78-107  (2012)  doi:1 0.1 364/AOP.4. 000078 


98 


detailed  spectroscopic  studies,  predicts  a  global  minimum  achievable 
temperature  (MATg)  in  Yb:YLF  of  115  K  when  excited  directly  at 
the  E4-E5  crystal-field  resonance.  The  predicted  MAT(k)  spectrum 
together  with  the  MATg  value  at  1020  nm  were  verified  in  local 
cooling  experiments.  Results  of  bulk  cooling  of  Yb:YLF  to  155  K 
when  pumped  with  a  small  detuning  from  the  E4-E5  transition  were 
discussed.  Pumping  exactly  on  resonance  should  yield  temperatures 
approaching  ~115  K  for  pumping  levels  below  the  saturation.  As  shown, 
a  cooling  power  density  of  3  W/cm3  at  130  K  should  be  possible 
in  current-generation  laser  cooling  crystals  for  pumping  at  saturation. 
Advanced  material  synthesis  methods  are  needed  to  achieve  laser 
cooling  to  temperatures  below  100  K. 
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